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Crystal Structure of the TAO2 Kinase Domain:
Activation and Specificity of a Ste20p MAP3K
kinases closely related to yeast Ste11p (MEKKs 1–4),
Raf isoforms (A-Raf, B-Raf, and C-Raf), and Mos that
have no homologs in yeast. The structure of B-Raf ki-
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1Department of Biochemistry nase domain has been solved recently in a low-activity
conformation (Wan et al., 2004). In addition to these, the2 Department of Pharmacology
The University of Texas Southwestern Ste20p homologs TAOs 1–3 are MAP3Ks (Kyriakis and
Avruch, 2001; Pearson et al., 2001). TAO1 and TAO2Medical Center at Dallas
5323 Harry Hines Boulevard were discovered by isolating mammalian cDNAs encod-
ing proteins related to Ste20p, a yeast MAP4K that regu-Dallas, Texas 75390
lates the MAPK cascade in the pheromone-induced
mating pathway of S. cerevisiae (Chen et al., 1999;
Hutchison et al., 1998). TAO1 is one of three TAO familySummary
members and was named for its one thousand and one
amino acids (Hutchison et al., 1998). TAO2 shares nearlyTAO2 is a mitogen-activated protein kinase kinase ki-
90% sequence identity with TAO1 within the kinase do-nase (MAP3K) that doubly phosphorylates and acti-
main but is significantly larger at 1235 amino acids (Chenvates the MAP kinase kinases (MAP2Ks) MEK3 and
et al., 1999). Human TAO2, also known as prostate-MEK6. The structure of the kinase domain of TAO2
derived Ste20-like kinase (PSK), was identified in a(1-320) has been solved in its phosphorylated active
screen for RNAs overexpressed in human prostate car-conformation. The structure, together with structure-
cinoma (Moore et al., 2000). TAO3 is also known as JIKbased mutagenic analysis, reveals that positively
(JNK inhibitory kinase) or KFC (kinase from chicken)charged residues in the substrate binding groove me-
(Tassi et al., 1999; Yustein et al., 2000) and possessesdiate the first step in the dual phosphorylation of
60% identity with TAO1 and TAO2. The kinase do-MEK6, on the threonine residue in the motif DS*VAKT*I
mains of TAOs are most homologous to Ste20p (40%(*denotes phosphorylation site) of MEK6. TAO2 is a
identity) and the germinal center kinases (GCKs, 43%Ste20p homolog, and the structure of active TAO2,
identity with GCK) (Hutchison et al., 1998).in comparison with that of low-activity p21-activated
TAOs function as MAP3Ks in MAPK cascades. In con-protein kinase (PAK1), a Ste20p-related MAP4K, re-
trast, Ste20p itself and its closest mammalian relativesveals how this group of kinases is activated by phos-
PAKs act upstream, sometimes a MAP4K (Dan et al.,phorylation. Finally, active TAO2 displays unusual in-
2001; Drogen et al., 2000). Ste20p and PAKs are regu-teractions with ATP, involving, in part, a subgroup-
lated by the small G proteins Cdc42 and Rac (Manserspecific C-terminal extension of TAO2. The observed
et al., 1994; Peter et al., 1996). TAOs, on the other hand,interactions may be useful in making specific inhibi-
do not contain any known consensus motifs for activa-tors of TAO kinases.
tion by small G proteins. Also, in contrast to Ste20p and
PAKs, whose kinase domains are C terminal to their
Introduction small G protein binding and autoinhibitory domains, the
kinase domains of TAOs are at their N termini (Chen and
Mitogen-activated protein kinase (MAPK) signaling mod- Cobb, 2001; Chen et al., 1999; Hutchison et al., 1998),
ules are tightly controlled and specific transducers ubiq- and their regulatory motifs lie in long C-terminal do-
uitous to eukaryotic cell regulation. Each MAPK pathway mains. The function of C-terminal extension is poorly
consists of a central three-tiered signaling module in understood, but may provide a binding site for MAP2K
which MAPKs are activated by obligate dual phosphory- and may also be involved in autoinhibition (Chen et al.,
lation on a single threonine and a single tyrosine residue 1999).
catalyzed by a family of dual-specificity kinases known Of the TAOs, TAO2 is the best studied. Overexpressed
as MAPK kinases (MAP2Ks) or MAP/extracellular signal- TAO2 phosphorylates and activates MEKs 3, 4, and 6
regulated kinase (ERK) kinases (MEKs). MAP2Ks, in turn, in vitro and in cells, but binds selectively only to MEKs
are regulated by obligate dual Ser/Thr phosphorylation 3 and 6 (Chen et al., 1999). Endogenous TAO2 and MEK6
catalyzed by a protein kinase superfamily referred to coimmunoprecipitate (Chen et al., 1999). The stable as-
as MAPK kinase kinases (MAP3Ks) (Chen et al., 2001; sociation of TAO2 with MEKs 3 and 6 as well as studies
Kyriakis and Avruch, 2001; Pearson et al., 2001). Very examining p38 activation using interfering mutants of
little is known about the structural basis for either of MEK and TAO family members links their physiological
these double phosphorylation reactions. functions to the p38 MAPK pathway (Chen et al., 1999,
MAP3Ks are more numerous and more diverse than 2003). Recent studies have shown that TAO protein ki-
either the MAPKs or the MAP2Ks and link the MAP2K/ nases relay signals from the muscarinic agonist, carba-
MAPK components to a wide variety of upstream activa- chol, through heterotrimeric G proteins to the p38 MAPK
tors, such as MAP4Ks, adaptor proteins, and small GTP (Chen et al., 2003). A putative MEK binding site has been
binding proteins. Mammalian MAP3Ks include several found in TAO2, immediately C terminal to the core kinase
domain (Chen et al., 1999). Chimera analysis showed
that the N terminus of MEK6 is required to bind to TAO2.*Correspondence: betsy@chop.swmed.edu
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The docking domain in MEK for binding to p38 is in refined with reasonable stereochemistry to free R fac-
tors of 26.9% and 24.4%, respectively (Table 1).the N-terminal extension from the kinase core, which
suggests that similar sequences in MEKs may be used
for both interactions with p38 and TAO2.
Overall Structure and ATP BindingHere, we report the crystal structure of the TAO2 ki-
The TAO2 kinase domain (1-320) possesses the typicalnase domain (1-320) as well as its complex with MgATP
protein kinase two-domain architecture. In the constitu-at 2.1 A˚ resolution. The structure showed that the kinase
tively phosphorylated form that was crystallized, thedomain, as expressed in insect cells and crystallized, is
molecule adopts a closed-domain conformation (Figurephosphorylated on serine181 (Ser181) in the activation
1A). The N-terminal domain is composed of the standardloop and adopts an active conformation. The structure
five-stranded  sheet and helix C but lacks helix B pres-reveals that this MAP3K has a P1 pocket similar to
ent in AGC kinases. TAO2 also contains two small heli-AGC and CaMK group kinases, putting these kinase
ces at an N-terminal extension to the kinase core (la-groups close together functionally. Comparison of ac-
beled helices A and B) similar to those in PAK1 (Lei ettive TAO2 with the autoinhibited structure of the Ste20p
al., 2000). The first of these occupies a groove betweenPAK1 reveals large conformational differences and re-
helix C and the core  sheet. The same groove is occu-folding of the P1 specificity pocket, revealing that a
pied by the C terminus of PKA and related kinasescommon activation mechanism is most likely shared
(Knighton et al., 1991a). The C-terminal domain alsobetween these two proteins and other related Ste20p
possesses a standard structure, comprised of 6 majorkinases. Furthermore, we identified a positively charged
helices, two  ribbons, the catalytic loop, and the activa-pocket that contributes to substrate binding. This
tion loop. Extending from the helical C-terminal domain,pocket is located similarly to the groove that recognizes
TAO2 possesses a 13 residue helix, helix J, bound insubstrates in AGC kinases. We examined a series of
a cleft formed by helices D and E and the tight turnmutants of TAO2 and MEK6, under defined conditions,
connecting strands 7 and 8. This is the locus of theto gain insight into the functional role of the observed
substrate-docking groove in MAP kinase p38 (Chang etpositively charged pocket and to define the sequence
al., 2002). Compared to PAK1, the C terminus of helixof events in the TAO2 double phosphorylation of MEK6.
J of TAO2 rotates about 30 away from the helices DWe found that in the MEK6 double phosphorylation site
and E. A second additional helix of seven residues, helixsequence DS207VAKT211I (where S and T are the two
K, adopts a predominantly 3/10 conformation and spansphosphorylation sites), the threonine is phosphorylated
the gap between the two domains of the kinase nearfirst and that the positively charged pocket of TAO2 and
the crossover connection (Figure 1A). PAK1 possessesthe aspartic acid and the isoleucine in the MEK6 dual-
helix J but not helix K (Lei et al., 2000). The secondaryphosphorylation motif are important for the first phos-
structure of TAO2 (1-320) is presented in Figure 2.phorylation event. The structure of complex of TAO2
The observed closed domain structure of TAO2 oc-with MgATP reveals that MgATP makes interactions with
curs even in the absence of nucleotide, in contrast tothe unique 3/10 helix K of TAO2.
PKA, which adopts an open structure under these condi-
tions (Akamine et al., 2003). The overall rmsd superposi-
tion of apo-TAO2 with PKA complexed with MgATP andResults and Discussion
PKI (Bossemeyer et al., 1993) is 1.7 A˚, whereas the indi-
vidual domains are more similar (rmsd of1.5 A˚), arisingStructure Determination
The TAO2 kinase domain (1-320) purified from a Bacu- from a slightly greater domain separation in apo-TAO2.
For example, the C distance between Val42 (Val57 inlovirus/insect cell expression system (see Experimental
Procedures) was phosphorylated and constitutively ac- PKA) and Leu158 (Leu173), the two conserved hy-
drophobic residues that sandwich the adenine ring oftive. Molecular replacement based on low-activity PAK1
and other protein kinases, such as PKA and ERK2, was the ATP molecule, is 13.3 A˚, compared to 12.9 A˚ in PKA.
The conformation of MgATP most resembles that ofnot successful. The crystal structure was solved by sele-
nomethionine SAD phasing. Two nearly identical mono- MgAMP-PNP in complex with insulin receptor kinase
(IRK) (Hubbard, 1997) but is different from PKA (Bosse-mers (superimposed with an rmsd of 0.42 A˚), which are
not related by local symmetry, occupy the asymmetric meyer et al., 1993), particularly the orientation of the
-phosphate (Figure 3). A unique feature of the TAO2unit. The structure revealed phosphorylation on Ser181
in the activation loop (Figures 1A and 1B). Electron den- ATP binding site is that Lys314 from helix K makes a
hydrogen bond with the 2 hydroxyl of the ribose (Figuresity is good throughout the molecule (Figure 1B), except
for the first 11 amino acids and the His6 tag at the N 3). Lys314 is present in TAOs but not in other Ste20p
kinases, suggesting that this interaction could help interminus, for which there is no density, and residues
63–65 in the loop connecting strand 3 and helix C are making inhibitors specific to TAOs. A second unique
feature is that the catalytic loop lysine, Lys153, is notpartially disordered. The final model is comprised of 618
of the 640 residues total in the two monomers and 435 close to the -phosphate of ATP, as in other active
kinases. Thus, the binding mode is likely nonproductivewater molecules. The TAO2-MgATP complex was formed
by soaking preexisting crystals (see Experimental Pro- for ATP hydrolysis, consistent with the observed stability
of ATP over the 16 hr time course of the crystal soakcedures) with MgATP. The complex structure is com-
prised of the above atoms with the addition of two ATP and data collection. Binding of MgATP in TAO2 induced
limited conformational changes, including a 1 A˚ out-molecules and four Mg2 ions. The models of both the
TAO2 apo-form and TAO2-MgATP complex have been ward displacement of helix K relative to the active site
Structure of Phosphorylated TAO2 Kinase Domain
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Figure 1. Overall Structure and Electron Density of TAO2 Kinase Domain
(A) Ribbon diagram of TAO2 (1-320) in complex with MgATP. Phosphate binding ribbon is colored yellow, catalytic loop is orange, and
activation loop is pink.  strands are green, conserved helices are blue, and additional helices are purple (A and B) or magenta (J and
K). pSer181 and MgATP molecules are shown in ball-and-stick representation.
(B) Electron density of apo-TAO2 in the vicinity of the pSer181 and the P1 pocket, contoured at 1.0  and drawn on O (Jones et al., 1991).
Phosphate atom is green, and ordered water molecules are red spheres. Figures 1A, 3, 4, 5, and 6 were prepared using Molscript (Kraulis,
1991) and rendered using POV-Ray (Persistence of Vision Ray Tracer v3.1g, POV-Team).
and a2 A˚ shift of the phosphate binding ribbon toward offered by Arg150 (Arg165 of PKA). There is also a water-
mediated interaction between pSer181 and Lys75 in he-the triphosphate chain of ATP (not shown).
lix C (Figure 4). This contrasts with the presence of one
or two direct phosphate binding ligands from helix C inActivation Loop
The phosphoserine, pSer181, in the activation loop, oc- other phosphorylated Ser/Thr protein kinases (Canaga-
rajah et al., 1997; Knighton et al., 1991a; Russo et al.,cupies a positively charged pocket in the domain inter-
face (Figure 4). The phosphoserine binding site is remi- 1996). The interaction of phosphotyrosine in tyrosine
kinases, such as insulin receptor kinase (IRK) (Hubbard,niscent of other protein kinases but involves fewer
residues than normal. The phosphoserine binding site 1997) and lymphocyte kinase (LCK) (Yamaguchi and
Hendrickson, 1996), also involves only a single directof TAO2 possesses only a single full positive charge,
Table 1. Crystal Data and Refinement Statistics
TAO2 Se-Met (Peak) TAO2 Apo-Form TAO2-MgATP Complex
Wavelength 0.97926 A˚ 0.96417 A˚ 1.00000 A˚
Space group P6522 P6522 P6522
Resolution 2.8 A˚ 2.1 A˚ 2.1 A˚
Total observations 809,480 819,749 2,464,806
Unique reflectionsa 49,236 56,543 58,881
Completeness (outer shell) 97.9% (99.2%) 99.2% (98.2%) 99.9% (99.9%)
Rsym (outer shell)b 0.082 (0.298) 0.045 (0.311) 0.052 (0.269)
I/ (outer shell)b 56.9 (17.2) 30 (4.0) 49.0 (6.2)
Figure of merit 0.2650
Refinement Statistics
R-workc 22.3% 21.1%
R-freed 26.9% 24.4%
Protein atoms 4980 4980
Hetero groups 2PO4 2ATP, 4MG2, and 2PO4
Water 435 384
Rmsd bond length 0.013A˚ 0.010A˚
Rmsd bond angle 1.71 1.58
a The Fridel pairs are treated as independent reflections for the SeMet data sets.
b Rsym 	 
hkl[(
j|Ij  I|)/
j|Ij|].
c R-work 	 
hkl|Fo  Fc|/
hkl|Fo|, where Fo and Fc are the observed and calculated structure factors, respectively.
d R-free is the R factor calculated for a randomly selected 5% of the reflections that were omitted from the refinement.
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Figure 2. Amino Acid Sequence and Sec-
ondary Structures of TAO2 Kinase Domain
(1-320)
Lettering is consistent with PKA (Knighton et
al., 1991a). Secondary structure assignments
are shown as colored cylinders ( helices)
and arrows ( strands). Extra helices in N-ter-
minal domain (A and B) and C-terminal do-
main (J and K) are colored purple and
magenta, respectively. Invariant residues in
protein kinases are bold, phosphorylation site
is red, P1 pocket residues are cyan, posi-
tively charged pocket residues are green, and
switching motif is pink.
phosphate binding ligand, although the identity of this threonine protein kinases dependent on activation loop
phosphorylation.ligand is different. Another similarity with tyrosine ki-
nases is that the backbone of Tyr202 from a neighboring
surface loop (Zhang et al., 1995) makes two hydrogen The P1 Pocket Is Hydrophobic
The P1 pocket of TAO2 is hydrophobic as in PKA.bonds with the backbone of Ala179 in the activation
loop, similar to the short antiparallel  strand pair ob- The P1 pocket is lined by four hydrophobic residues,
Phe182, Pro186, Met189, and Leu234 (Figures 1B andserved in the phosphorylated tyrosine kinases noted
above (Figure 4). Arg150 is also hydrogen bonded to 5A), each of which has a counterpart in PKA (Leu198,
Pro202, Leu205, and Tyr247). This is consistent with theTyr202 (Figure 4). The interaction between the tyrosine
and arginine only occurs in the presence of phosphoser- presence of hydrophobic residues in the P1 sites of
physiological substrates of TAO2: MEKs 3 and 6 pos-ine or phosphothreonine in kinases for which data is
available in both unphosphorylated and phosphorylated sess hydrophobic residues, either a valine, isoleucine,
or methionine, immediately following both of their twoforms (Bellon et al., 1999; Canagarajah et al., 1997; De
Bondt et al., 1993; Russo et al., 1996; Wang et al., 1997; phosphorylation sites (DS207VAKT211I/M). Sequence align-
ment of mammalian Ste20p group kinases reveals thatZhang et al., 1994). Thus, the interaction of Arg150 and
Tyr202 is a hallmark of the active structure of serine/ the quartet of hydrophobic residues forming the P1
Figure 3. MgATP Binding of TAO2 in Stereo View
Note the -phosphate is differently oriented from that in PKA (Bossemeyer et al., 1993), and Lys314 from the unique 3/10 helix K makes
interaction with the bound ATP. Magnesium ions are light green.
Structure of Phosphorylated TAO2 Kinase Domain
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Figure 4. Stereo View of the Activation Loop and Active Site in Active TAO2
Dotted line denotes hydrogen bonds. Coloring schemes are the same as in Figure 1A. Y202 from a neighboring surface loop interacts with
both pS181 and A179 in the activation loop.
pocket in TAO2 is conserved throughout the group (data two structures (Figures 5B and 5C), ending with trypto-
phan in the sequence GTPYWMAPE (residues whichnot shown).
form the P1 pocket). In TAO2, the GTPYWMAPE se-
quence adopts a conformation similar to that of PKAActive TAO2 and Low-Activity PAK1
The structure of PAK1, another Ste20p family member, (Figure 5B), with the methionine (Met189) lying at the
bottom of the P1 pocket. The tryptophan (Trp188)has been solved in an inactive conformation, both lack-
ing activation loop phosphorylation and in the presence makes a hydrogen bond with a conserved glutamic acid
(Glu217) in helix F, and the tyrosine (Tyr187) walls theof an autoinhibitory segment (Lei et al., 2000). Compari-
son of active TAO2 and low-activity PAK1 reveals a outside of the P1 pocket (Figure 5B). In low-activity
PAK1, the tyrosine (Tyr429) interacts with the conservedmechanism of activation, likely unique to this group of
kinases, that involves a specific switch in hydrogen glutamate (Glu456), and the tryptophan (Trp430) hydro-
gen bonds to the carbonyl of Arg388 in the catalyticbonding interactions to remodel the P1 specificity
pocket. The activation loop and P1 specificity pocket loop, influencing the conformation there (Figure 5C). The
sequences involved in the switch are conserved in mostare the regions of the greatest difference between the
Figure 5. The P1 Specificity Pocket of TAO2 in Comparison with PKA and PAK1
(A) Local superposition of TAO2-MgATP binary structure (yellow) and PKA-MnAMPPNP-PKI ternary complex (pink) (Bossemeyer et al., 1993)
highlighting the similarities of the P1 pockets in the two structures. Also shown are the conserved interactions involving the pSer/pThr at
the activation loop, the arginine from the catalytic loop, and the tyrosine from the nearby surface loop. The bound PKI in ternary PKA is
colored red. Residue numbers in parentheses refer to PKA structure.
(B and C) Ribbon diagrams of TAO2 and PAK1 (Protein Data Bank entry 1F3M) showing the residues near the P1 pocket that change their
interactions between active TAO2 (B) and autoinhibited PAK1 (C). Residues in the conserved YW motif make different interactions in the two
structures. Also, the hydrophobic residues Met231 and Tyr235 in TAO2 project from the surface of helix G, and the corresponding residues
Leu470 and Tyr474 in PAK1 interact with the autoinhibitory segment (yellow). Note that part of PAK1’s activation loop (from 416 to 425) is
disordered between the red arrows.
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Lys222 after helix F (Figure 2). In the crystal structure,
a lattice contact is formed to this pocket by a glutamate
(Glu52) from a neighboring molecule; Arg221 makes
one or two ion pairs to the glutamate (Figure 6). The
importance of this pocket in substrate recognition is
addressed below.
The Positively Charged Pocket of TAO2 Is Involved
in MEK6 Recognition
We mutated TAO2 to determine whether Lys120, Arg221,
and Lys222 are involved in substrate interactions. A
kinase-dead MEK6 (MEK6/K82M) was used in the assay
to eliminate autophosphorylation of MEK6. Alanine sub-
stitutions were made alone and in combination. Neither
the substitution R221A nor K222A alone affected MEK6
phosphorylation markedly, and the substitution K120A
resulted in only a 20% decrease in a 30 min assay (Figure
7A). However, the mutants R221A/K222A and K120A/
Figure 6. Surface Representation of Peptide Binding Groove with R221A/K222A phosphorylated significantly less MEK6
a Modeled MEK6 Peptide than wild-type TAO2 (a 40% and 60% reduction, respec-
Residues forming the positively charged pocket (yellow), P1 tively). In comparison, the variability in the activity of
pocket (yellow), and bound ATP molecule (yellow) as well as the
these mutants toward the nonspecific substrate myelinmodeled MEK6 peptide (green) are in stick representation. Glu52
basic protein (MBP) was much less (Figure 7A). Similar(purple) is from a neighboring molecule in the crystal lattice. Drawn
results were obtained when the phosphorylation wasusing GRASP (Nicholls et al., 1991) and Molscript (Kraulis, 1991)
and rendered using POV-Ray (Persistence of Vision Ray Tracer assessed with an antibody raised against the dual phos-
v3.1g, POV-Team). phorylation motif of MEK6 (pSer207/pThr211) in a time-
course experiment (Figure 7B).
Ste20p homologs, and the nearly identical sequence
(GTPYWMSPE) is present in the Ste11p relatives, includ- Mechanism of Dual Phosphorylation of MEK6
We studied the sequence of events in the double phos-ing several other MAP3Ks. In PAK1, the orientation of
the C-terminal end of the activation loop and Tyr429 are phorylation of MEK6 by TAO2 by eliminating individual
phosphorylation sites in MEK6. For these assays, weinfluenced either directly or indirectly by interactions
with its autoinhibitory domain (Figure 5C). Thus, it ap- used TAO2 (1-451), which has similar activity to TAO2
(1-320) (Chen and Cobb, 2001) but is larger, to avoidpears likely that this switch may be used by other Ste20p
and related kinases under autoinhibition control. Re- overlap with MEK6 in gels. Elimination of Ser207 in the
mutant MEK6/K82M/S207A had relatively little effect onmodeling of the P1 pocket occurs in GMCG kinases
such as p38 (Wang et al., 1997), but the remodeling is phosphorylation by TAO2 (Figure 7C). In contrast, the
mutant MEK6/K82M/T211A, in which Thr211 is elimi-much less extensive.
At the N terminus of the activation loop, there are also nated, was phosphorylated only poorly by TAO2. Thus,
it does appear that there is an obligate order to theconformational differences between active TAO2 and
inactive PAK1 that could be involved in a common con- double phosphorylation of MEK6, in which Thr211 is
phosphorylated first. This is reminiscent of the obligateformational switch, although strict sequence conserva-
tion is not present (data not shown). Finally, the structure order to the dual phosphorylation of MAPK catalyzed by
MAP2Ks, wherein the tyrosine is phosphorylated beforeof PAK1 solved contains an autoinhibitory segment
bound in a hydrophobic groove between subdomain VIII threonine (Burack and Sturgill, 1997). Similar observa-
tions have been made for the double phosphorylationand helix G (Figure 5C). TAO2 possesses hydrophobic
residues, Met231, Leu234, and Tyr235, in helix G in the of MEK1 by c-Raf (Alessi et al., 1994).
Next, we addressed whether specific residues insame locus of PAK1 (Figure 5B). This suggests that the
hydrophobic residues in helix G of TAO2 may mediate MEK6 are involved in recognition in the first step of
the phosphorylation reaction. Asp206 of MEK6 in therecognition of its autoinhibitory segments or other bind-
ing partners. phosphorylation motif D206SVAKT211I came close to the
positively charged pocket, as suggested by the model-
ing (Figure 6), and is well conserved among MAP2Ks.Extended Substrate Binding Groove
TAO2 carries out dual phosphorylation of the MAP2K The aspartic acid was mutated to alanine, in the back-
ground of the Ser207→Ala. This mutant, MEK6/K82M/MEK6 in the activation loop sequence DS207VAKT211I. We
constructed a model for substrate interactions based D206A/S207A, was phosphorylated much less well by
TAO2 compared to MEK6/K82M/S207A (Figure 7C). Thison the structure of PKA complexed to protein kinase
inhibitor (Knighton et al., 1991a, 1991b). The P-5 residue suggests a role for Asp206 in binding TAO2, most likely
to the positively charged pocket for the phosphorylationAsp206 of the MEK6 model approached near a positively
charged pocket in TAO2 when the Thr211 of MEK6 is of Thr211 in MEK6. In addition, a hydrophobic residue
in the P1 position relative to the phosphorylation sitepositioned at P0 (Figure 6). This pocket consists of
Lys120 immediately following helix D, Arg221, and is also well conserved in MAP2Ks. We mutated Ile212
Structure of Phosphorylated TAO2 Kinase Domain
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in the MEK6 activation loop to glycine in the background
of the S207→Ala mutation and found that the mutant
(MEK6/K82M/S207A/I212G) is phosphorylated very
poorly under our standard conditions (Figure 7C). These
data further support the importance of the hydrophobic
P1 specificity pocket of TAO2 in substrate recognition.
Which residues of MEK6 and TAO2 are involved in
recognition in the second step of the dual phosphoryla-
tion reaction is less clear. The mutant MEK6/K82M/
T211A revealed a greater than 50% reduction in total
phosphorylation by TAO2, suggesting a role for MEK6/
pThr211 in promoting phosphorylation on MEK6/
Ser207. We considered the possibility that TAO2, in
phosphorylating MEK6/Ser207, might function like gly-
cogen synthase kinase 3  (GSK3), which carries out
phosphorylation on residues in the P-4 position relative
to a “priming” phosphorylation site (Dajani et al., 2001).
Model building suggested that MEK6/pThr211might
bind to Lys75, Arg78, and Lys82 (in helix C), and MEK6/
Ile212 might interact with Met147 (near Arg150) and
Met176 (in the activation loop) of TAO2 for the second
step reaction. These residues of TAO2 were therefore
mutated to alanine. With the exception of TAO2/M176A,
the mutants tested displayed reduced phosphorylation
of MEK6/K82M, and none of the mutants showed signifi-
cant differences in the relative incorporation of 32P into
pSer versus pThr of MEK6/K82M (data not shown). Thus,
although it is clear that there is an obligate order to the
MEK6 dual phosphorylation, and several residues of
TAO2 and MEK6 have been identified that mediate the
first step of the reaction, it is still unclear which residues
of both molecules contribute to the second step of the
catalysis.
Conclusions
The crystal structure of the TAO2 kinase domain is the
first structure of an active Ste20p kinase in which the
activation loop serine is phosphorylated. We compared
TAO2 with another Ste20p kinase, PAK1, the structure
of which was determined in an inactive, autoinhibited
conformation. In addition to conformational differences
in the activation loop, there are conformational differ-
ences in the P1 specificity pocket. Sequence conser-
vation in these regions, especially the P1 pocket, sug-
gests a common mechanism for the activation of these
two kinases. In the protein kinases studied, remodeling
of the activation loop is the norm, but remodeling of the
P1 pocket has rarely been observed. The P1 pocket
is the locus of a smaller degree of phosphorylation-Figure 7. Influence of Mutations in the Positively Charged Pocket
dependent remodeling in MAP kinases (Canagarajah etof TAO2 and the Activation Loop of MEK6 on TAO2 Phosphorylation
of MEK6 al., 1997; Wang et al., 1997). There are relatively fewer
differences between TAO2 and PAK1 near helix C, the(A) Kinase activities of TAO2 (1-320) with mutation in the positively
charged pocket toward MEK6/K82M (upper panel) and MBP (lower site of remodeling in some AGC kinases (Biondi et al.,
panel). RKAA, R221A and K222A; KRKAAA, K120A, R221A, and 2000; Yang et al., 2002) and in tyrosine kinases such as
K222A. The phosphorylation of substrate was measured by autora- c-Src (Xu et al., 1997). TAO2 possesses a long C-terminal
diography (mean  SD).
extension (Chen et al., 1999). The full-length enzyme(B) Time course of phosphorylation of MEK6/K82M by the TAO2 (1-
320) triple mutant KRKAAA (K120A, R221A, and K222A) in compari-
son with the wild-type TAO2 (1-320). The phosphorylation of MEK6
was detected by an anti-MEK3/6 [pSpT189/193]/[pSpT207/211] antibody.
bacteria, respectively. All of the MEK6 proteins used in the assayThe bottom panel shows that a similar amount of MEK6/K82M has
been used in each of the reactions. were with kinase dead mutation (K82/M) to prevent autophosphory-
lation. Kinase assays were stopped at 30 min, and phosphorylation(C) Phosphorylation of various MEK6 mutants by TAO2 (1-451). The
TAO2 (1-451) and MEK6 proteins were purified from insect cell and of MEK6 mutants were measured by autoradiography (mean  SD).
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domain gene was cloned into pRSETB (Invitrogen) to incorporate adisplays lower intrinsic kinase activity than the kinase
MRGSH6 tag and subsequently transferred into the baculoviral shut-domain alone. Thus, TAO2, like PAKs, is likely to be
tle vector pVL1393. Recombinant viruses were selected and wereautoinhibited by interactions with segments outside the
expressed and harvested from Sf9 or Hi5 cells as described (Hutchi-
kinase domain. The TAO2 homolog KFC has been shown son et al., 1998). Cells were lysed in 10 mM HEPES-NaOH and 10 mM
also to have an autoinhibitory C-terminal domain NaCl (pH 8.0) and 1 mM -mercaptoethanol supplemented with
protease inhibitors. The clarified supernatant was applied to Ni2-(Yustein et al., 2000). Thus, TAO2 is apparently activated
nitrilotriacetic acid-agarose (Qiagen) and eluted with a gradient ofin at least two stages. First, intramolecular autoinhibition
20–250 mM imidazole in 20 mM HEPES-NaOH, 0.5 M NaCl, andis relieved through interaction with other activators or
1 mM -mercaptoethanol (pH 8.0). Fractions were pooled and di-effectors to expose Ser181 for phosphorylation. Sec-
luted 5-fold with the MonoQ A buffer (50 mM Tris-HCl [pH 8.0], 1 mM
ond, Ser181 is either autophosphorylated or phosphory- DTT) and applied to MonoQ5/5 column (Pharmacia). Protein was
lated by another kinase to trigger the phosphorylation- eluted with a gradient of 0–1.0 M NaCl in 50 mM Tris-HCl and 1 mM
dithiothreitol (pH 8.0). Fractions were concentrated and exchangeddependent conformational changes. Further work is
into 30 mM HEPES-NaCl, 0.1 M NaCl, 1 mM dithiothreitol, and 1 mMrequired to understand the structural roles of the noncat-
EDTA (pH 7.5) before crystallization trials.alytic domains of TAOs.
The TAO2 kinase domain containing seleno-methionine (SeMet)An important generalization from the active structure
was purified from Hi5 cells according to the protocol described by
of this Ste20p enzyme is that it has a hydrophobic P1 Bellizzi et al. (Bellizzi et al., 1999) with substantial modifications.
specificity pocket. This is consistent with the observa- An EX-405-based L-methionine-deficient insect cell medium was
obtained from JRH Bioscience. The Hi5 cells at 2.0  106 cell/mltions of Songyang et al. on the specificity of another
density were infected with the TAO2 kinase domain recombinantSte20p group member, SLK1, for which a hydrophobic
viruses in regular EX-405 medium at 27C and 125 rpm for 20–24 hr.P1 residue in the substrate is preferred (Songyang et
Cells were aseptically sedimented at 500 g for 10 min in a swinging-al., 1994). Data are now available for active conforma-
bucket rotor. The cell pellets were resuspended with equal volumes
tions of each of the five groups of serine/threonine pro- of EX-405 medium deficient with L-methionine and incubated for
tein kinases defined by Manning et al. (Manning et al., 4–6 hr to deplete remaining L-methionine. After further sedimenta-
tion, cells were resuspended in L-methionine-deficient EX-405 me-2002). It is interesting that three out of the five, AGC
dium supplemented with 100 mg/l seleno-methionine (ACROS). Thekinase (Knighton et al., 1991b), CaMK kinases (Lowe
cells were harvested after an additional 24 hr. The purification ofet al., 1997), and STE kinases (this study), are largely
the labeled protein was identical to the native TAO2 protein. Thedirected toward hydrophobic residues at P1 site of
incorporation level of SeMet was estimated as 66% by mass spec-
substrate. trometry.
TAO2 is a MAP3K. The MAP3Ks represent the entry
level of the tightly regulated and specific three-kinase Crystallization and Data Collection
Crystallization trials of the TAO2 kinase domain were conductedMAPK signaling modules. The specific gating of these
initially at 12 mg/ml using the Wizard Research Screen kit (Emeraldmodules relies on two dual-phosphorylation events. The
Biosciences) in a 3 l hanging drop at 20C. Large crystals weredefining feature of MAP3K enzymes is the ability to carry
obtained by mixing 2l of protein (6–8 mg/ml) with 2l of precipitantout the dual phosphorylation of MAP2Ks within their
containing 0.1 M imidazole, 18%–20% PEG 1000, and 0.2 M
activation loop. The major functional as well as structural Ca(OAc)2 (pH 7.8–8.2). SeMet protein crystals were grown in a condi-
questions about this subgroup of protein kinases are tion containing 0.1 M cacodylate, 10% PEG 3000, and 0.2 M MgCl2
(pH 6.8–7.0). The largest crystals produced by microseeding werehow the physiological substrate MAP2K is recognized
0.4  0.2  0.2 mm3. Native data to 2.1 A˚ were collected from aand how the double phosphorylation proceeds. The
single crystal at 100 K at the Advanced Photon Source (APS) usingstructure of TAO2, together with the mutagenic analysis
a CCD detector. SeMet derivative data were also collected at thecarried out, reveals an obligate order to the TAO2 phos-
APS 19BM beam line, and only the peak wavelength data set was
phorylation of MEK6, in which the second phosphoryla- used for SAD phasing. Both native and SeMet TAO2 kinase domain
tion site of MEK6, the threonine in the sequence proteins crystallized in P6522 space group with cell dimensions a 	
DSVAKTI, is phosphorylated first. Further, we found that b 	 186.1A˚ and c 	 95.0A˚.
this phosphorylation event depends upon interactions
Structure Determination and Refinementof substrate MEK6 with a positively charged pocket,
The structure of the native TAO2 kinase domain was determined bycomprised of K120 following helix D, R221 and K222
the SeMet single wavelength anomalous dispersion (SAD) phasingafter helix F, and on interactions in the P1 specificity
method. The heavy atom search routine in CNS (Brunger et al.,
pocket of TAO2. We also learned that the TAO2 interac- 1998) found 18 selenium sites from the data collected at the peak
tions are mediated by an aspartic acid and an isoleucine wavelength. The heavy atom parameters were then refined, and the
residue in the MEK6 phosphorylation motif. Further phases were calculated in CNS. The initial figure of merit was 0.26
and subsequently improved to 0.93 after density modification (car-studies are required to precisely define the interactions
ried out in CNS). A model was built into the electron density usingtaking place in the second step of the reaction. Never-
O (Jones et al., 1991). There are two monomers in the asymmetrictheless, it is apparent that several pockets on the surface
unit that are not symmetry related but almost identical. The refine-of TAO2 in the neighborhood of the active site are utilized
ment of the structure was carried out in CNS (Brunger et al., 1998)
to carry out the double phosphorylation. The use of combined with several cycles of manual rebuilding in O.
two steps and multiple interaction sites undoubtedly
contributes to the specificity of the interaction and thus Mutagenesis Experiments
TAO2 mutants were generated in pCMV5-TAO2 (1-320) using thethe specificity of the MAP kinase module activation.
QuikChange kit (Stratagene). HEK 293 cells at 40% confluency were
transfected with 1 g of vector DNA, pCMV5-TAO2 (1-320) wild-Experimental Procedures
type, and the TAO2 mutant constructs (K120A, R221A, K222A,
R221AK222A, K120AR221AK222A) for 24 hr and starved overnightCloning, Expression, and Purification
in DMEM containing 1% FBS. Cells were harvested in 500 l lysisRat TAO2 kinase domain (1-320) was expressed in the Baculovirus/
insect cell expression system (Life Technologies). The TAO2 kinase buffer (50 mM HEPES [pH 7.7], 150 mM NaCl, 1.5 mM MgCl2, 1 mM
Structure of Phosphorylated TAO2 Kinase Domain
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EGTA, 10% glycerol, 0.2 mM NaVO4, 100 mM NaF, 50 mM -glycero- adenylyl imidodiphosphate and inhibitor peptide PKI(5–24). EMBO
J. 12, 849–859.phosphate, and 0.1% NP-40) containing protease inhibitors. Trans-
fected proteins were detected by Western blotting with an anti-Myc Brunger, A.T., Adams, P.D., Clore, G.M., DeLano, W.L., Gros, P.,
antibody (9E10). Lysate proteins (0.8 mg) were immunoprecipitated Grosse-Kunstleve, R.W., Jiang, J.S., Kuszewski, J., Nilges, M.,
with the anti-Myc antibody and 30 l protein A-sepharose (Phar- Pannu, N.S., et al. (1998). Crystallography & NMR system: A new
macia). The beads were washed four times with kinase assay wash software suite for macromolecular structure determination. Acta
buffer (1 M NaCl, 0.25 M Tris [pH 7.4], 0.1% Triton X-100, and 0.1% Crystallogr. D Biol. Crystallogr. 54, 905–921.
deoxycholic acid) and two times with 10 mM HEPES (pH 7.4).
Burack, W.R., and Sturgill, T.W. (1997). The activating dual phos-In vitro kinase assays were performed in 10 mM HEPES (pH 7.4),
phorylation of MAPK by MEK is nonprocessive. Biochemistry 36,10 mM MgCl2, 10 M ATP (5Ci [-32P] ATP), and either 0.5 mg/ml 5929–5933.MBP or 100 ng MEK6K82M as substrate. Reactions were incubated
Canagarajah, B.J., Khokhlatchev, A., Cobb, M.H., and Goldsmith,at 30C for indicated time points and then stopped with 10 l 4 
E.J. (1997). Activation mechanism of the MAP kinase ERK2 by dualSDS sample buffer. Samples were briefly boiled and subjected to
phosphorylation. Cell 90, 859–869.SDS-PAGE and autoradiography or subjected to Western blotting
with anti-MEK3/6 [pSpT189/193]/[pSpT207/211] (Biosource International). Chang, C.I., Xu, B.E., Akella, R., Cobb, M.H., and Goldsmith, E.J.
For in vitro kinase assays with the various MEK6 mutants, the (2002). Crystal structures of MAP kinase p38 complexed to the dock-
TAO2 (1-451) construct was made and protein purified following ing sites on its nuclear substrate MEF2A and activator MKK3b. Mol.
the same procedures as described for TAO2 (1-320). TAO2 (1-451) Cell 9, 1241–1249.
contains the kinase domain plus a putative MEK binding motif (314- Chen, Z., and Cobb, M.H. (2001). Regulation of stress-responsive
451) and was slightly more active than TAO2 (1-320) (Chen et al., mitogen-activated protein (MAP) kinase pathways by TAO2. J. Biol.
1999). This longer construct was used for a better separation be- Chem. 276, 16070–16075.
tween TAO2 and MEK6 in autoradiography. His-tagged full-length
Chen, Z., Hutchison, M., and Cobb, M.H. (1999). Isolation of therat MEK6 was cloned into a P-his parallel vector, and the mutants
protein kinase TAO2 and identification of its mitogen-activated pro-were made with the QuickChange kit (Stratagene). The plasmids
tein kinase/extracellular signal-regulated kinase kinase binding do-were transformed into Rosetta cells (Novagen) and were induced
main. J. Biol. Chem. 274, 28803–28807.at O.D.600 of 0.5 with 1 mM IPTG and incubated at 20C for 12–16
Chen, Z., Gibson, T.B., Robinson, F., Silvestro, L., Pearson, G., Xu,hr before harvesting. The proteins were purified with Ni2-nitrilotri-
B., Wright, A., Vanderbilt, C., and Cobb, M.H. (2001). MAP kinases.acetic acid-agarose affinity column.
Chem. Rev. 101, 2449–2476.
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